Background: Cow's milk protein allergy (CMPA) is the most common food allergy in infants. However, little is known about which specific immune mechanisms are related with the CMPA onset. The objective was to investigate which immune alterations constitute differential factors between allergy and tolerance, and hence could be implicated in the CMPA establishment in infants. Methods: An extensive analysis of immune subsets, including Treg and cytokine-secreting cells was performed in blood samples from 28 infants younger than 9 mo obtained 1-4 d after the first adverse reaction to milk. results: Less than 4 d after first allergic reaction, infants who developed CMPA had decreased Treg counts and increased frequency of IL4-secreting CD4 T cells compared to controls. The deficit of Tregs was correlated with decreased serum levels of vitamin D. Values of Tregs, IL4-secreting cells and vitamin D were good predictors of CMPA diagnosis. Basal vitamin D levels in CMPA infants also predicted those CMPA patients developing spontaneous tolerance in the first year. conclusion: Establishment of CMPA in infants was related with lower Treg and vitamin D levels. These immune alterations would be crucial factors behind the CMPA establishment and they could constitute a therapeutic target for treatment of CMPA.
F
ood allergy is the most frequent reason for anaphylactic reactions in children. CMPA may occur in different clinical phenotypes according to the implication of IgE and cellular immunity in the allergic reaction (1): (i) classical IgE-mediated allergy, (ii) combined IgE and cell-mediated, and (iii) non-Ig-E-mediated allergy where cellular immunity is responsible of the allergy. Between the food allergies, IgE mediated Cow's milk protein allergy (CMPA) is the most common in infants during the first year of life, with a prevalence between 2 and 5% (2, 3) . Values of total IgE or allergen-specific serum IgE can be used for identifying an IgE-mediated allergic reaction to milk, but positive results alone are not necessarily predictive for food challenge outcome (4) . An oral challenge test is considered the gold standard in confirming an adverse reaction to CMP (5) .
CD4+ Th2 cells are considered the major mediators for promoting the immune cascade responsible of the allergic symptoms. However, little is known about which immune mechanism or alterations are responsible for triggering this inflammatory cascade that produce the onset of an allergy. Considering that Th2 cells are present in the exposed tissues of any subject, why just some children develop food allergy and others do not?. Which immune alteration constitutes the differential factor between developing allergy or tolerance remains unclear, and this question needs to be elucidated to improve the prevention, the diagnosis and the treatment of these food allergies.
Regulatory T cells is a subset of CD4+ T cells with suppressive capacity (6) , which have proven to prevent inadequate immune responses such us allergic processes (7) . Several authors have proved in animal models both, that proallergic inflammatory status is related with an impairment or deregulation of the Treg subset, and that Treg cells are essential to promote tolerance to food allergens. Noval-Rivas et al. demonstrated that group 2 innate lymphoid cell (ILC2s) promote allergic inflammation by blocking Treg function (8) . Mast cells and IgE antibodies, which trigger Th2-cell-mediated hypersensitivity reactions are also able of impairing Treg cell induction (9) . In other hand, oral tolerance for food antigens can be induced in mice by transfer of Tregs (10) , and oral immunotherapy (11) or low doses of IL-2 (12) are able to induce Treg-mediated control of experimental food allergies. The key role of Treg in allergy have been also confirmed in patients, showing that food-allergic infants have impaired Treg responses (13, 14) , and that Treg cells from food-allergic children lose their suppressive function and acquire a Th2 phenotype (15) . Regarding the role of Treg in promoting tolerance, Shreffler et al. (16) demonstrated that a higher frequency of allergen-specific Tregs correlates with a phenotype of mild clinical disease and favorable prognosis in
Low Treg and vitamin D values in pediatric CMPA
Articles milk allergic children. In addition, we have recently described that desensitization in egg-allergic children was mediated by a recovery in the quantity of regulatory T cells (Treg), and the subsequent switch in CD4 T cells from an activated to a hypoproliferative phenotype (14, 17) .
However, most of these studies were performed in patients with an already established allergy. In this context, is difficult to know if the Treg impairment is a consequence of the allergic inflammatory environment in the patient as suggested by Noval-Rivas et al. (7) , or whether a pre-existing Treg deficit is one of the factors responsible of the establishment of allergic phenotype. Therefore, we performed an exhaustive immune analysis including Treg values to identify the immune factors implicated in the establishment of CMPA in infants after the first adverse reaction to cow milk.
METHODS

Patients and Sample Processing
Infants younger than 9 mo, with symptoms compatible with Cow's Milk Protein Allergy (CMPA), such us vomiting or skin eruptions after cow milk ingestion were enrolled in the study at Pediatric Allergy Division or Urgencies of the Hospital. The study was conducted after the approval of the ethics committee and according to the principles expressed in the Declaration of Helsinki. Peripheral blood samples (<3 ml) were taken after the informed consent from legal guardians before the oral challenge with cow's milk. Patients with a diagnosis of non-IgE-mediated allergy, cow's milk intolerance, allergic proctocolitis, enterocolitis, and so on were excluded from the study.
The confirmation of CMPA diagnosis was performed by an oral challenge test (unless contraindicated by severe clinical profile), and considering the total and specific IgE values, physical examination, and family history. Then, the children enrolled in the study were distributed in two groups: (i) infants with a confirmed diagnosis of CMPA (CMPA group) by immediate symptoms after oral challenge (n = 15); (ii) age-matched non-allergic controls (control group) (n = 13) with a negative result for the oral challenge test, and subsequent ingestion of milk at home without symptoms. Blood samples were obtained 1-4 d after the first adverse reaction and just before the oral challenge test and the diagnosis of the infants. Egg allergy, which is also frequent at this age was discarded in all enrolled patients.
Patients included in the CMPA group were clinically followed along a year to determine which patients become tolerant to cow milk. A patient was considered tolerant by the absence of allergic reaction after a controlled exposition to milk, and the tolerance was confirmed if the patients were able to include in their diet a normal quantity of milk without adverse reactions.
Analysis of Immune Subsets and Cytokine-Secreting Cells
Blood samples were processed immediately after the extraction. We determined by flow cytometry in a Gallios Cytometer (Beckman Coulter, France) the frequency and absolute counts of CD4+ T cells and CD8+ T cells, including markers for the following subsets: naive (CD45RA+CD27+), activated (HLA-DR+), central memory (CD45RA−CD27+), effector memory (CD45RA−CD27−), as previously described (18) . To obtain precise physiological values of Tregs, we analyzed "untouched" total blood stained with surface markers and without employing any washing step that could modify the physiological values of cells. In this way, percentage and absolute counts of Treg in peripheral blood were quantified measuring CD3+CD4+CD25+CD127low cells. Because Foxp3 is considered the marker that better defines the Treg phenotype, percentage of Foxp3+ Treg cells (CD3+CD4+CD25+Foxp3+) were also analyzed in isolated peripheral blood mononuclear cells (PBMCs) by intracellular staining with the Anti-Human Foxp3 Staining Set (eBiosciences, San Diego, CA) according to the manufacturer's instructions. Frequency of CD3+CD4+CD25+CD127low Tregs in total blood and CD3+CD4+CD25+Foxp3+ cells in isolated PBMCs were comparable in each sample in agreement with Liu et al. (19) .
TemRA (CD45RA+CD27−), and RTE (CD45RA+CD27+CD31+) subsets of CD25+Foxp3+ Treg cells were also analyzed to determine the proportion of these phenotypes in the Foxp3+ Treg subset. Percentage and absolute counts of B cells (CD19+CD3−) including naive (CD27−IgD+), memory non-switch (CD27+IgD+), memory switch (CD27+IgD−) and Breg (CD24highCD27high) phenotypes; and Basophils (CD45lowCD123+IgE+) including activated basophils (CD63+) were also measured in total blood. Absolute numbers of immune subtypes were determined using Flow-Count Fluorospheres (Beckman-Coulter).
Frequency of cytokine-secreting CD4+ T cells was analyzed in isolated PBMCs which were activated for 5 h with PMA (50 ng/ml) and Ionomycin (1 µg/ml), including the addition of a golgi-stopper. Intracellular staining of IL-4, IFN-γ, and IL-17 was done following the instructions of the Cytofix/Cytoperm Kit (Beckton Dickinson), and samples were acquired by flow cytometry. Frequency of cytokinesecreting cells was calculated in gated CD4+ T cells.
Analysis of Vitamins and Immunoglobulins
Total IgE and specific IgE to whole milk, BLG (β-lactoglobulin), ALA (α-lactalbumin) and casein IgE were measured using commercial kits 
Statistical Analysis
Statistical analysis was performed using SPSS software (IBM, New York). Nonparametric Mann-Whitney test was used for comparison between groups. Data are showed as mean ± SEM. Correlation between variables was established by Pearson correlation (PC) test. Capacity of discrimination between groups for the different variables was analyzed by receiver operating characteristic (ROC) curves. P value < 0.05 by two-sided test was considered significant.
RESULTS
Diagnosis of CMPA in Enrolled Infants
Infants younger than 9 mo old were enrolled in the study after informed consent, and they were distributed in a control (n = 13) or CMPA group (n = 15) attending to the results of the oral challenge test as described in methods. There were no significant differences in sex and age between groups, being the mean age in control and CMPA groups 6.18 and 6.43 mo respectively (Supplementary Table S1 online). As expected, total and specific IgE values in plasma were increased in the CMPA group but not in the control group (Supplemental Table S1 online).
Extensive Analysis of Immune Subsets and Cytokines in Infants With CMPA
Percentage and absolute counts (cells per μl of total blood) of a wide range of immune subsets were compared between children with CMPA and controls ( Table 1) . Interestingly, there were very few differences between the values observed in CMPA and control children, and percentages and absolute counts for CD4 and CD8 T cells, B cells, and Basophils were comparable between both groups. We only found significant differences for naive CD8 T-cell counts, which were lower in CMPA children than in controls ( Table 1) .
Helper CD4+ T cells are essential for the initiation and maintenance of IgE-mediated allergic responses (20) , and the release of Th2 cytokines plays a pathogenic role in the inflammatory changes seen in milk-induced gastrointestinal disorders (21) . We stimulated in vitro PBMCs from infants and we analyzed the percentage of cytokine-secreting CD4+ T cells. We did not find differences in the frequency of IFN-γ secreting CD4+ T cells (Th1) (mean ± SEM CMPA=3.51 ± 2.09; control = 1.82 ± 0.34; P = 0.742). There were no differences in the frequency of IL17-secreting CD4+ T cells (Th17) (CMPA = 0.14 ± 0.03; control = 0.10 ± 0.02; P = 0.727). However, the frequency of IL4-secreting CD4+ T cells (Th2) was significantly higher in CMPA children (Figure 1 ) (CMPA = 0.69 ± 0.13; control = 0.43 ± 0.06; P = 0.037).
Between all the variables studied here, the higher frequency of IL4-secreting CD4+ T cells (IL4-TCD4) seems to be the only differential immune factor in CMPA children that could be associated with the appearance of symptoms and the development of this allergy.
Values of Regulatory T Cells (Treg) and Immune Homeostasis
One of the main roles of Treg subset is to react against an inadequate proliferation of immune cells, producing regulatory cytokines or developing other regulatory mechanism that prevent an excessive expansion of effector/activated cells. This regulatory function is mediated by the production of IL-2 by activated nonregulatory T cells, which promotes the maintenance, expansion, and activation of Tregs, which in turn limits the expansion of nonregulatory T cells (6) . Therefore, increased frequency of (effector) IL-4 secreting CD4+T cells should promote the expansion/activation of Treg cells in CMPA patients. The percentage of Treg cells into the CD4+ T-cell population, which is a relative measure that can Articles be influenced by the expansion or depletion of other CD4+ T subsets, was comparable between both groups (Figure 2a ; P = 0.433). However, when absolute counts of Treg cells (cells per μl of total blood) were measured, we found significantly lower Treg numbers in the CMPA group than in controls (Figure 2b ; P = 0.040). We analyzed the phenotype and the differentiation stage of these Treg cells, according to the markers defined for CD4+ T cells (22) and Treg cells (23) . We observed that in comparison to controls, the absolute counts of all the Treg subsets were lower in the CMPA group (Supplementary Table S2 online), and this deficiency was significant for the Central Memory (Figure 2c ; P = 0.040) and the TemRA (Figure 2d ; P = 0.022) Treg subsets. Additionally, we observed only in the CMPA group a negative correlation between the frequency of IL4-TCD4 cells and naive Foxp3+CD25+ Treg cells (PC = −0.783; P = 0.003); and a positive correlation with the frequency of activated Treg (PC = 0.881; P = 0.000). In other words, a highfrequency IL4-TCD4 cell is associated with a decrease in the proportion of naive Treg and an increase in the proportion of activated Treg, which could reflect an active differentiation of Treg cells from a naive to an activated phenotype in response to the increased frequency of IL4-TCD4 cells.
In addition, the ratio of the Treg/IL4-TCD4 cells was lower in the CMPA group than controls, reflecting a Treg imbalance in CMPA patients. The differences in the Treg/IL4-TCD4 ratio were significant in both cases, when percentage (P = 0.036) or absolute counts (P = 0.027, Figure 2e ) of Treg and IL4-TCD4 cells were used to calculate the ratio between these subsets. The Treg/IL4-TCD4 imbalance and the deficit in the number of circulating Treg cells in CMPA infants could result in an inadequate control of effector T cells, and could explain the increased frequency of IL4-TCD4 cells. In fact, in the CMPA group but not in controls, there was a negative correlation between Treg absolute counts and IL4-TCD4 cells. The lower was the quantity of circulating Treg the higher was the frequency of IL4-TCD4 cells (PC = −0.614; P = 0.019).
Mechanisms of Treg Deficit: Thymic Function and Vitamin D Levels
There are different mechanisms that could explain the decreased Treg numbers observed in the CMPA group. Because Treg cells is a subset of CD4+ T cells, which is also generated in the thymus, a deficiency in the thymic production of Treg cells could be related with the reduced number observed in periphery. We analyzed the expression of CD31 within the pool of Foxp3+CD25+ Treg cells, a marker which is only expressed in recent thymic emigrants (RTE) and it is considered an indirect indicator of thymic production (24) . The results showed that there are not any significant differences in the frequency (P = 0.703) and absolute counts (P = 0.560) of RTE Treg between the CMPA and control group (Figure 3a,b) , discarding then a possible defect in the thymic production as the reason of Treg deficiency.
Other mechanism that could be implicated in a deficit of Treg cells in the context of allergy is the serum levels of 25-hydroxyvitamin D. This vitamin has demonstrated pronounced immunoregulatory properties and notable capacity to induce Treg cells in humans (25) . Interestingly, vitamin D insufficiency/deficiency early in life has been identified as one of the risk factors for food allergy. We observed that values of vitamin D (ng/ml) were significantly lower in the CMPA group than in control children (CMPA = 35.3 ± 3.5; control = 47.9 ± 3.7; P = 0.041; Figure 3c ). Moreover, we observe a direct 
Treg Counts and Serum Vitamin D Levels Can Discriminate Between Healthy Controls and CMPA Children
Blood samples to perform immune analysis were obtained from patients with a suspicion of CMPA before the oral challenge test and the definitive diagnosis of CMPA. Therefore, we analyzed whether the three variables differentially expressed in CMPA children could be good predictors of the result in the oral challenge test and the clinical diagnosis of this allergy. The ROC curve is widely utilized to evaluate the performance of diagnostic tests. The area under the ROC curve (AUC) is a widely used summary index to determine the quality to predict an event by different variables (27) . ROC curves were calculated to provide information on the sensitivity and specificity of these variables to discriminate between healthy controls and CMPA children. The analysis of the data indicates that low vitamin D levels (AUC = 0.754; 95% confidence interval (95% CI) = 0.553-0.955; P = 0.041); low absolute number of Treg (AUC = 0.728; 95% CI = 0.538-0.918; P = 0.040) and a high frequency of IL4-secreting CD4+ T cells (AUC = 0.747; 95% CI = 0.547-0.946; P = 0.037) are good variables to discriminate between CMPA and control children (Figure 4a-c  respectively) . The Treg/IL4-TCD4 counts ratio was also a good predictor (AUC = 0.756; 95% CI = 0.536-0.946; P = 0.027) to distinguish between CMPA and control children (Figure 4d) .
Basal Vitamin-D Levels Were Associated With the Achievement of Spontaneous Tolerance to Cow's Milk in the First Year
Finally, we clinically followed the allergic patients included in the CMPA group to determine which patients become spontaneously tolerant to cow's milk. A patient was considered tolerant by the absence of allergic reaction after a controlled exposition to milk, and the tolerance was confirmed if the patients were able to include in their diet a normal quantity of milk without adverse reactions. Eight out of 15 patients included in the CMPA group (53.3%) become tolerant or desensitized to cow's milk before of 1 y after the CMPA diagnosis, and 7 out of 15 patients (46.6 %) remains allergic to milk. Interestingly, the vitamin D levels measured 1-4 d after the first adverse reaction to milk and before of CMPA diagnosis were good predictors of patients who spontaneously acquire tolerance or remain allergic. We observed in our cohort that the presence of basal levels of vitamin D lower than 40 ng/ml predicted with a sensitivity of 87.5% and a specificity of 80% those patients that remained These results support the hypothesis that low vitamin D levels and a deficit of circulating Treg cells could be important factors in the establishment of CMPA. However, one limitation of this study is the low n value (n = 15). Therefore, further studies with larger cohorts of patients are required to establish whether basal Treg or vitamin D levels could constitute risk factors for CMPA onset or predictive markers of spontaneous tolerance in CMPA patients.
DISCUSSION
Here, we performed a study in infants with symptoms compatible with CMPA after cow milk ingestion, to decipher the immune alterations related with the establishment of this allergy. Samples were collected in the 1-4 d after the first adverse reaction. Therefore, we could study the immune system just after the onset of the allergic process.
Almost no difference was found in the frequency and absolute counts of the different immune subsets or in the phenotype of these populations between controls and CMPA children. In peripheral blood, the frequency of antigen-specific cells is very low (allergen-specific T cells are typically less than 0.01% (28)), and then changes in this allergen-specific cells would not be reflected in the values of cells observed in peripheral blood. We did not analyze antigen-specific cells because the goal of our study was to identify immune markers easily measurable in peripheral blood that could be implemented in the clinical routine for the follow-up of these patients.
We observed a lower absolute number of naive CD8 T cells in CMPA children. Previous studies demonstrated a reduced percentage of CD8 T cells in children with CMPA (29,30), but they do not quantify the absolute counts of these cells. Because CD8 T cells are one of the subsets responsible for the IFN-ã production, the reduced pool of naive CD8 T cells in CMPA patients could be related with the decreased production of IFN-ã observed in patients with CMPA or other atopic diseases (29, 30) . However, the role of CD8 T cells in allergy is unclear with conflicting evidences of pathogenic or protective functions for this subset (reviewed in (31)), and further studies must be conducted to definitively determine the role of CD8 T cells in this allergy.
At the light of our results, a deficit in the number of Treg cells seems to be one of the determining factors related with the establishment of CMPA. Although the activation and/or differentiation of Treg cells seems to be correctly occurring in CMPA children, the frequency of IL4-TCD4 cells remains increased, probably as a consequence of the deficit in the number of circulating Treg that we observe in the CMPA group. In the case of food allergy, numerous articles in animal models and humans demonstrate how Treg cells can prevent allergic sensitization (32) , induce oral tolerance (14, 33) , and in summary how Treg cells play a crucial role in the allergic disorders (34) . Some previous studies report a Treg deficiency in children with an established food allergy, and these cells have proven to be also crucial in the disappearance of the allergy (14) . However, our results indicate that the Treg deficiency is already present in the first 1-4 d after the first adverse reaction. Therefore, decreased Treg values could constitute a factor that predispose for the acquisition of an atopic phenotype, and more concretely for the establishment of CMPA in infants. To definitively confirm this fact, it would be necessary to measure Treg values before of the first milk ingestion, but it is difficult to know which children will become allergic, and then hundreds of healthy children should be enrolled for this kind of study.
Regarding to the potential reasons for the Treg deficit in these infants, decreased numbers of Treg in these infants are not due to the immaturity of the immune system at this age. Previous studies demonstrate that from the birth, neonates have yet high Treg values (18) . In fact, controls infants of the present study showed Treg counts around 200 cells per μl, which are markedly higher than values observed in healthy children around 3 (35) or 9 y old (14) . We also found that an impairment in the thymic production of Treg cells can be discarded as responsible for the decreased Treg values. RTE Treg values were not different, and naive Treg values were also comparable in both groups. That means that the defect is not at the level of Treg production or at the arrival of these naive Treg to the periphery. Between the different Treg phenotypes only the number of central memory and TemRA Treg cells were significantly reduced. These results indicate that the production, activation, and differentiation to effector cells in the Treg subset seem to develop correctly in CMPA children. In fact, we observed in the CMPA group that those children with the highest values of circulating Treg were just the children with lower frequencies of IL4-secreting CD4+ T cells, reflecting a correct suppressive function of Treg in these children. The fact that central memory and TemRA subsets of Treg (which are the most advanced steps of differentiation) are the most affected, could reflect a problem in the survival of these cells or in the mechanisms to maintain this pool after the antigenic stimulus.
Several studies demonstrate that vitamin D contribute significantly to the induction, survival, and preservation of the Treg population (25, 36, 37) . Additionally, numerous articles find a relationship between decreased values of vitamin D, in both mother (37, 38) and infant (39) , and a higher incidence of allergy. The lower vitamin D values found in CMPA children, and the direct correlation observed between vitamin D and the quantity of circulating Tregs supports the hypothesis that the impaired survival of Treg cells could be influenced by the deficit of vitamin D.
We observed that IL4-secreting CD4+ T cells are the only population increased in periphery during the first phases of CMPA. Treg cells have proven to specifically prevent an excessive expansion of CD4+ T cells at the mucosa that could lead to an allergic inflammatory response (40) . Numerous evidences demonstrate that Treg deficiency in the periphery is sufficient to evoke chronic T-cell-mediated autoimmunity and immunopathology (6) . Therefore, the deficit of Treg found in CMPA children could be enough to favor the persistence of IL4-producing cells, which could initiate and maintain the inflammatory cascade responsible for the allergic symptoms. Moreover, a recent study demonstrates that Treg cell reprogramming toward a Th2-cell-like lineage can promote food allergy (15) . The fact that the most differentiated subsets of Tregs are notably decreased could also reflect a switch of these cells to a Th2-like phenotype that will contribute to their increased frequency in CMPA children.
In summary, we hypothesized that after the introduction of cow's milk proteins in the diet, in those children with adequate immune homeostasis, Treg cells can prevent the inadequate expansion of IL4-producing CD4+ T cells. However, in children with a deficit of vitamin D probably Treg cells exerts its function initially, but without the appropriate stimulus (such as vitamin D) Tregs could have a reduced survival and become exhausted. In this scenario, the ratio of Treg/effector cells decreases and the inadequate suppression of effector cells will lead to the increased presence of IL4-secreting CD4+ T cells and the development of the allergic symptoms to these proteins. The demonstration that vitamin D sufficiency is an important protective factor for food allergy in the first year of life (41) , supports the hypothesis that restoring the Treg survival could be a potential strategy to prevent the establishment of CMPA in infants.
Finally, the statistical analysis indicates that low vitamin D values and decreased Treg numbers, were good predictors to distinguish between controls and CMPA infants. The fact that these altered values are present few days after the first adverse reaction to the milk and prior to the definitive diagnosis of CMPA, support the utility of these values as diagnostic markers of CMPA. In addition, these parameters were good predictors of the results in oral challenge test. Therefore, Treg values and serum vitamin D levels, which are easily measurable in a blood analysis can be markers to discriminate between CMPA positive and negative, and it could replace the use of oral challenge in those patients where these tests involve a high risk. Finally, basal insufficiency of vitamin D was also a good predictor of those patients that will not achieve spontaneous tolerance in the first year, constituting also an interesting predictive marker of the clinical progression of these patients.
Further studies in larger cohorts of infants must be performed to confirm the quality of these markers, and whether Treg and vitamin D values in peripheral blood could constitute useful markers for the clinical follow-up of CMPA patients.
